INTRODUCTION
Alkali-silica reaction (ASR), observed for the first time in the U.S. by Stanton, 1 has been widely studied all over the world. The Laboratoire Central des Ponts et Chaussées (LCPC, French Public Works Research Laboratory) has recently added its contribution: first, with an experimental study to characterize the mechanical behavior of ASRaffected concrete, 2 and, presently, with a large program carried out on beam specimens, with Electricité de France (EDF) as a partner. 3, 4 The final objective of this study was to validate methodologies to assess the dimensional stability and the residual bearing capacity of ASR-affected structures. These methodologies are based on computational models (first-order engineering approach assuming ASR-induced strains as imposed strains 5, 6 or phenomenological models 7 ). Models should assess the structural behavior of ASRaffected structures with a few parameters, namely, the review of their environmental conditions and data from residual expansion tests. 6 The effects of water and reinforcement on ASR-induced expansion have already been well demonstrated. [8] [9] [10] [11] [12] [13] [14] [15] [16] Models have to be validated using documented large-scale experiments, emphasizing the influence of these two parameters. Therefore, in this program, plain and reinforced concrete beams were subjected to a vertical moisture gradient developing between the immersed bottom and the drying upper face exposed to a 30% relative humidity environment. Two companion beams were cast with a reference concrete mixture made of nonreactive aggregate used to differentiate the normal behavior of concrete beams under such conditions from the expansive behavior due to ASR. All of the input data of the assessment computations (mechanical behavior of concrete, potential strains-due to shrinkage, water absorption, and ASR-temperature, and moisture saturation within the structures 6 ) had to be measured during the experiment. Measuring devices were specially developed by LCPC.
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RESEARCH SIGNIFICANCE
The aim of the research was to validate models developed to assess the dimensional stability and the residual bearing capacity of ASR affected structures [5] [6] [7] in a critical and representative situation. In this paper, the numerous measurements obtained during the experimental program (variation of water content, relative humidity measurements, local and global deformations, and deflection of the beams) are detailed and analyzed.
EXPERIMENTAL PROCEDURE Specimens
In real structures, moisture gradient occurs between the core and the external surfaces. The effects of such environmental conditions are differential water contents within structures. For structures affected by ASR, they cause differential ASR development and expansions. The strains of 3 mlong beam specimens subjected to a moisture gradient were monitored to analyze the consequences of such gradients. The beam specimens had a cross section of 0.25 x 0.50 m ( Fig. 1 ) and were simply supported (with a span of 2.80 m). The dimensions had been chosen to allow numerous inner measurements to be performed without disturbing the mechanical behavior of the beam specimens. The moisture gradient was unidirectional to perform a simplified onedimensional analysis. 4 The upper face was exposed to air at 30% relative humidity (forced convection), and the bottom was immersed in water for 14 months (Fig. 1) . Side faces were covered by three watertight aluminum sheets 50 µm thick just after the beams were demolded. This aluminum cover was directly applied to the concrete by an acrylic adhesive. It avoided moisture leakage 20 so as to ensure a vertical drying process. The temperature within the beams was constant at 37 ± 1 °C. To obtain such environmental conditions, they were stored in a large air-conditioned room (30% relative humidity at 38 °C).
The large dimensions of the beams (3.0 x 0.25 x 0.50 m) and the dimensions of the air-conditioned room allowed five beam specimens to be studied (Fig. 1) . Two beam specimens were plain concrete beams (Table 1) to study the effect of differential water supply, and three others were reinforced with deformed bars (f Y = 500 MPa; Table 1 , Fig. 2 and 3 ) to evaluate the effect of reinforcement.
The methodology for the assessment of ASR-affected structures is based on the potential expansion of the material, 6 which directly depends on the concrete mixture and on the environmental conditions. The evolution of the concrete's mechanical characteristics was also required for computational validation. Therefore, numerous companion specimens were cast to characterize the potential expansion of concrete mixtures (160 x 320 mm cylinders, 140 x 140 x 280 mm prisms; Table 2 ) and the mechanical behavior at four characteristic time-steps from 28 days to 1 year (110 x 220 and 160 x 320 mm cylinders). All five beam specimens were submitted to moisture gradient, while all of the companion specimens were kept in uniform external moisture conditions. The companion specimens used to characterize the potential expansion of reactive concrete were stored at 38 °C in three different environments (in water, sealed in an aluminum cover, and in air at 30% relative humidity; Table 2 ). The companion specimens used for the mechanical characterization were stored in an aluminum cover at 38 °C.
Concrete mixtures
Two concrete mixtures were studied: one with reactive coarse aggregate and nonreactive sand and one with nonreactive aggregate only. The two mixtures were designed to have close rheological and mechanical properties (same slump, compressive strength, and modulus of elasticity). The cement content was common for bridge applications (410 kg/m 3 ), and the water-cement ratio had a value of 0.5. To obtain significant expansions, potassium hydroxide was dissolved in the mixing water of the two concrete mixtures to increase the Na 2 O eq content up to 1.25% of the mass of cement, as usually made to carry out experimental programs on ASR. 2, 3, 14, 15 Moreover, the aim was to study the effect of a moisture gradient; it was thus impossible to expose the beams to an external accelerating alkali-enriched solution because it would have affected the alkali content in the bottom of the beam and not in the middle part. The differential ASR-induced strains would have been caused by differences in alkali content and not by moisture gradient.
Associated expansion tests on companion specimens
Weight and longitudinal deformations were measured on all the companion specimens (160 x 320 mm cylinders and 140 x 140 x 280 mm prisms) used for ASR expansion characterization according to the methodology recommended by Reference 2. Anisotropy of ASR-induced expansions have already been discussed according to casting and cracking directions. 21, 22 It was considered essential data to validate models. During the experiment, ASR-induced strains were thus determined both perpendicularly and along the casting direction. Because deformations were measured along the axis of companion specimens, expansions perpendicular to the casting direction were performed on 140 x 140 x 280 mm prisms while expansions along the casting direction were measured on 160 x 320 mm cylinders ( Table 2 , Fig. 4 ).
Measurements of moisture distribution within beam specimens
The water content of concrete affects the time evolution and the potential range of the ASR development. [8] [9] [10] It is thus an essential input data of models [5] [6] [7] that had to be determined. Precise measuring devices were used to evaluate the consequences of the environmental conditions (38 °C and 30% relative humidity) on the moisture distribution within the beam specimens. Capacitive relative humidity sensors (located in precast cavities) measured the inner relative humidity of the concrete. Weighing equipment assessed the mass variations of the beams, called in this paper the "global mass variation." Finally, an automated gammadensitometry device determined the profile of local mass variations along the upper 300 mm of the beams. Indeed, the gammadensitometry device measured the local mass variation of the concrete of the beams every 20 mm from the upper face down to a depth of 300 mm.
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Structural behavior of beam specimens
After having been sealed in aluminum for 28 days of curing, the beams were subjected to the moisture gradient for 14 months (Fig. 1) . The beams were not loaded during this period. The evolutions of strains were only due to drying from the top surface, absorption of water from the bottom side, and, above all, to ASR for the three reactive beams.
The local and global deformations of the beams were determined using stiffness-free vibrating wire sensors (VWS) specially designed for this study. 3, 18, 19 They were used in four lengths: 85 mm for the local inner strain measurements (these sensors were embedded within the beams before casting), and 250, 500, and 3000 mm for global external measurement of width, height, and length of the beam specimens, respectively. Deformations at seven depth levels for the longitudinal direction Due to their short length, the measurements of the inner VWS (85 mm in length) were representative of the local behavior of the surrounding concrete. The presence of reactive aggregates close to them could induce more heterogeneous measured deformations for these sensors than for the outer VWS, which integrated overall deformations of the beams. The global behavior of the beams was also monitored using 10 common displacement sensors to measure the deflections (five on each side; Fig. 6 ). This large number of sensors had been chosen to avoid loss of information and to take into account the heterogeneity of concrete, particularly of ASR expansions. 22 Local and global deformations could thus be compared to check the consistency of the measurements with respect to the structural behavior of the beams.
ANALYSIS OF EXPERIMENTAL RESULTS-INPUT DATA FOR STRUCTURAL ASSESSMENT Material mechanical properties
Cylindrical standard specimens were tested to characterize the evolution of the mechanical behavior of the two concrete mixtures. The Young's modulus, compressive strength, and tensile strength at 28, 90, 180, and 365 days were determined experimentally on 110 x 220 mm (splitting tensile strength) and 160 x 320 mm (Young's modulus, compressive strength) sealed cylinders. Every mechanical property was measured on three specimens for every time-step (Table 3) . The mean Young's modulus of the reactive concrete, measured on three specimens, decreased from 37,200 to 29,700 MPa (approximately 20%) between the 90th and the 365th exposure days. The decrease is significant compared with the standard deviations of approximately 600 MPa. The other mechanical properties show a usual evolution for concrete, with no decrease due to ASR. The increase in strength due to the hydration process appears to be larger than the losses due to ASR. In previous papers, some authors reported a decrease of all the mechanical properties, [23] [24] [25] while others only described the decrease of stiffness. 2, 15 Therefore, the results of this experimental program are consistent with the latter results. The differences with the first results can be explained by the differences in concrete mixture, particularly in the nature of the reactive aggregate.
ASR-induced expansions measured on companion specimens
The ASR-induced expansions were measured for the determination of the imposed strains, as the most important input data for affected structures assessment. 5, 6 ASRinduced expansion usually exhibits anisotropy relative to the casting direction and to the crack patterns. 21, 22 For the beam specimens, the horizontal (longitudinal and transverse) expansions were perpendicular to the casting direction (Fig. 1) , which corresponds to expansions measured on 140 x 140 x 280 mm prisms. The vertical expansion of the beams corresponds to ASR-induced expansions measured along the casting direction (on 160 x 320 mm cylinders). Vertical expansion measured on cylinders was approximately twice as large as horizontal expansion measured on prisms (Fig. 7) . It illustrates the anisotropy of ASR expansions measured on stress-free specimens, as already observed in Reference 21. This has to be accounted for in the models. Figure 7 also illustrates the differences of the ASR development with respect to the water supply. Expansions were measured on the companion specimens kept sealed under aluminum (between 0.05 and 0.10%). Therefore, significant ASR expansions can occur without an external water supply; the remaining water after cement hydration is sufficient. ASR expansions, however, were larger with an external water supply. They were approximately 2.5 times larger for companion specimens stored in water than for sealed ones. The aluminum cover was not perfectly watertight (negative mass variations; Fig. 7(a) ). It decreased the mass losses significantly (between 0.5% and 1%), however, in spite of severe drying conditions (the specimens were kept in the 30% relative humidity atmosphere). The scattering of ASRinduced expansions was quantified; the difference between the maximum and the minimum value ranges from strains of approximately 0.12% for the cylinders and 0.08% for the prisms in water to approximately 0.05% for the sealed companion specimens, which namely represents 50% of the mean expansion. It is due to the heterogeneity of ASR expansions, as already shown in previous experimental programs. It can be explained by the heterogeneous repartition of the reactive silica inside the limestone aggregate.
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These measurements on specimens (Fig. 7(b) ) can be used as input data for models assuming ASR-induced expansions as imposed strains 5, 6 or to determine the input parameters of the phenomenological model developed by Capra and Sellier. 7 The scattering of ASR-induced expansions is to be considered regarding the expected accuracy of the structural calculations that use these strains as input data.
Characterization of local water saturation in tested beam specimens
Measurements of the global (by weighing) and local (by gammadensitometry) mass variations can be directly interpreted in terms of water movements. The time-evolution of the global mass variations of the five beam specimens had been verified as linear with the square root of time. 26 No marked difference had been noticed either between reactive and nonreactive beams or between plain and reinforced beams. 26 Therefore, a mean representative global mass variation per unit of drying area can be defined for the five beams (1) where ∆Mass global is the global mass variation per unit of drying area (g/m 2 ) and obeys a diffusion process versus Time (in days) elapsed from the first day of drying. 26 This equation represents the mean mass variation of the five concrete beams submitted to the moisture conditions described previously during the 430 days of exposure. It has to be noted that the intercept at t = 0 is positive. It can be explained by the successive water movements during the exposure. First, the increase of mass due to water absorption in the lower part of the beams was larger than the mass lost by drying in the upper part. Thus, the mass variation was positive during the ∆Mass global 218 Time -591 + =
Fig. 7-Reactive companion specimens kept in water, sealed under aluminum, and kept in air at 30% relative humidity (parallel to casting direction-black dots; perpendicular to casting direction-voided dots).
first days. Then, the mass losses became the largest, which explained the negative slope. The linear representation allows mass variation of the five beams to be represented by only one equation. The representation of the short-term behavior, however, is rough.
Gammadensitometry results lead to mean profiles of local mass variation along the upper 300 mm of the beams (Fig. 8) . Calculations, using weighing and gammadensitometry data, were used to estimate a mean sorptivity of approximately 0.019 mm.s -1/2 . It describes the penetration of water in the lower part of the beams, 26 and profiles of local mass variations along the 500 mm height of the beams can be established (Fig. 8) . ASR-induced expansions are influenced by the moisture conditions. [8] [9] [10] The experimental determination of local saturation can be used to determine the range of the ASR-induced strains along the height of the beams. 4 Relative humidity measurements using capacitive sensors complemented the quantification of moisture transfer. After a 14-month-long exposition:
1. At 0.08 m from the drying face, a decrease of approximately 12% relative humidity was observed from a mean initial relative humidity approximately equal to 97%. The internal relative humidity always remained greater than 84% for all of the beams. At this temperature and alkali content, this appears higher than the relative humidity threshold known to stop ASR; 8, 9 2. For the two intermediate sensors (at depths of 0.17 and 0.27 m), the relative humidity decreased approximately 3% and stayed above 95%; and 3. The lower sensor, located at a depth of 0.37 m, showed an increase of relative humidity up to 100% in approximately 15 days.
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STRUCTURAL BEHAVIOR OF BEAM SPECIMENS
To validate the capability of models to evaluate the behavior of the beam specimens affected by ASR, calculations using the previous input data might be compared with the real deformations measured in the beams, detailed as follows.
Longitudinal strains and beam deflections
Imposed differential strains due to the moisture gradient led to significant deflections. Reinforcement acted by decreasing the strains along the longitudinal direction, which could be explained as a chemical prestressing effect in the reinforced and reactive beams.
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Beam analysis-For plain concrete Beams B1 and B2, the seven mean longitudinal deformations measured by the VWS fit quite well with a linear distribution along the vertical direction ( Fig. 9 and 10 ). The consistency of the outer and inner measurements is thus illustrated. The measurements of the 3 m-long sensors characterized the global behavior. They closely fit with a straight line that represents the plane cross sections of the beam. The five beams showed the same longitudinal behavior with plane cross sections remaining plane during the experiment. The mean quadratic deviation of deformations measured by the inner VWS relative to this line was lower than 0.02% (200 µm/m obtained for B1). Because the behavior of the beams fulfilled the Navier-Bernoulli hypothesis (plane sections remaining plane during the deformation), calculations according to the strength of materials concepts can be performed. The integration of the rotation of the cross section allows the equation of the deflection along the span to be established (2) where χ meas is the rotation of the cross section measured with the 3 m-long VWS (m -1 ), y(x) is the deflection along the abscissa x, and l is the span of the beams (l = 2.8 m).
The deflection measured by the displacement sensors and the deflection calculated by Eq. (2) have been plotted in Fig. 11 for B1. The mean quadratic deviation between the theoretical parabola and the measurements was evaluated to 0.230 mm for B1 at the last time-step, when the deflection at midspan reached more than 5 mm. The consistency of the measurement by VWS and displacement sensors is thus quantified with a discrepancy of less than 5%. The behavior of the other beams was quite the same with a higher discrepancy (30% for B4 30 ). Two reasons explained the discrepancy: the measured deflection was very small (less than 500 µm) and quite close to the accuracy of this measurement (due to the assembly of the displacement sensors), and due to the closeness of reinforcement bars, the long VWS measurements might locally deviate from the mean plane section.
Because plane sections remained plane, it is possible to synthesize all the longitudinal strains and deflections measurements by only two data, namely, the mean relative length variation, quantified by the measurement of the 3 mlong VWS at a depth of 0.23 m (near the uncracked section neutral axis; Fig. 12(a) ), and the deflection at midspan, which characterizes the mean curvature (Fig. 12(b) ).
Analysis of plain concrete beams under moisture gradient-As expected for B1, shrinkage was observed in the upper part, and ASR expansions in the bottom (Fig. 9) . The phenomena were not symmetrical, and the line of zero deformation was very close to the drying face. This proves the predominance of the ASR-induced strains compared with shrinkage. The measurements on the plain concrete and nonreactive Beam B2 showed different behavior (Fig. 10) . Shrinkage took place all along the upper 250 mm. The rotations of the plane sections led to midspan deflections of 5.4 mm for B1 (that is, a deflection over length ratio of approximately 1:500) and approximately 0.9 mm for B2 (ratio of approximately 1:3000) (Fig. 12(b) ). As expected, the imposed curvature due to drying, water absorption, and ASR led to significant effects even without external loading, which constitutes a crucial checkpoint in the process of model validation.
Analysis of reinforced beams under moisture gradientFor nonreactive beams, the reinforcement (B2 versus B5) had no visible influence due to relatively low strains. The difference between evolutions of both beams (Fig. 12) only consists in the scattering of long VWS measurements when carried out on large specimens. For reactive beams, the comparison of the behavior of the Beams B3 and B4 with B1 emphasizes the significant effect of the reinforcement. After 400 days, the overall length relative variation at the depth of 0.23 m was approximately 0.08% for B3 and 0.04% for B4, compared with 0.11% for B1 (Fig. 12) , which illustrates the important effect of restraint. The deflection reached only 1.1 and 0.3 mm for B3 and B4, respectively, instead of 5.4 mm for B1. Yet the evolution of the deflection exhibited a specific mechanism for reinforced beams; at the beginning of the exposure period, the deflection increased, but after approximately 75 and 150 days, the deflection decreased slowly. This can be explained in two stages: first, the ASRinduced expansions appear similarly as for Beam B1, mainly in the lower part of the beam (due to the water supply). The reinforcement then restrains these deformations and causes compression in the lower part. An internal negative bending moment takes place as with prestressed beams.
Transverse strains
Transverse and vertical expansions were measured to investigate the ASR-anisotropy 21,22 and the possible induced effects of restraint on the expansions 31 when ASR occurs in simply supported beams.
Plain concrete beams under moisture gradient-Transverse strains were quite homogeneous in the major part of the reactive beam (B1) (Fig. 13(a) ); large expansions took place from depths between 0.17 and 0.50 m (between 0.12 and 0.20% after 430 days of exposure). For the same depths, transverse deformations of B2 were positive or almost null, which corresponds to water absorption or lack of shrinkage ( Fig. 13(b) ). At the depth of 0.08 m, the deformations were much smaller (less than 0.05%) for B1, while B2 showed rather large shrinkage (approximately 0.03% after 430 days of exposure). On the drying face of B1, shrinkage reaches approximately 0.05% (the transverse strain of B2 could not be measured due to the dysfunction of the corresponding VWS). The large strain gradient occurring along the upper 150 mm of B1 should imply large, nonuniform stresses, and thus, internal cracking. Analysis of reinforced concrete beams under moisture gradient-As with the longitudinal direction, the reinforcement for nonreactive beams (B2 versus B5) had no visible influence. The transverse strains of the nonreactive beams can thus be summarized by mean evolutions (Fig. 14(b) ). It shows the range of shrinkage and water absorption strains of beams subjected to such a moisture gradient. The difference between the strains at 0.50 and 0.37 m (approximately 30 × 10 -6 ) gives the order of magnitude of the scattering of measurements by VWS.
The transverse deformations measured at all depths were quite the same for the two reactive reinforced concrete beams and B1. As an example, results of all VWS at the depth of 0.17 m are shown in Fig. 15 . Along this direction, ASR expansions were only affected close to the stirrups but not in the whole beam. Therefore, it is possible to summarize all of the transverse measurements in only one figure. Figure 14(a) represents the mean deformation of the three reactive beams (B1, B3, and B4) at the six different depths of transverse measurements.
Vertical strains
Analysis of plain concrete beams under moisture gradient-Assuming a vertical moisture gradient, the relative humidity depends only on depth. Thus, the potential expansion can be considered as constant with the depth. The vertical deformations can be considered to be totally free of restraint for the nonreinforced beams. Therefore, no stress should have appeared along this direction except due to ASR-expansion heterogeneity. For B1, the concrete that was the closest to the water supply showed the larger ASRinduced expansions (Fig. 16(a) ). As expected, the amplitude of strains at the depth of 0.37 m was close to expansions measured on cylinders kept in water ( Fig. 17(a) ). Large deformations were obtained between the depths of 0.17 and 0.37 m (approximately 0.18 and 0.24% after 430 days of exposure). In the same conditions, the deformations measured along the height of B2 were similar to transverse ones: positive in the bottom, from depths between 0.50 and 0.25 m, and negative in the upper part ( Fig. 16(b) ).
At the depth of 0.08 m, corresponding to a zone between 0.04 and 0.12 m due to the 85 mm length of the inner VWS ( Fig. 5) , vertical expansions reached more than 0.08% after the 430 days of exposure for B1. Thus, even if drying gradually occurred at this depth, it was not fast enough to stop the ASR development ( Fig. 17(a) ). Strains measured at 0.08 m were quite close to expansions measured on sealed cylindrical specimens ( Fig. 17(a) ). This result is consistent because the same mass loss of approximately 1% was measured at 0.08 m on beam specimens (Fig. 8 ) and on sealed companion specimens (Fig. 7) . Therefore, vertical measurements of the plain reactive beam showed expected strain ranges in comparison with the profile of mass variations and the relative humidity measurements. Computational analysis of these results will bring a precise relation between the moisture distribution of the ASR-affected concrete and the ASR expansion development.
Reinforced concrete beams-As with the two other directions, no influence of the reinforcement for nonreactive beams (B2 and B5) was noted 30 (the mean evolution of vertical strains of the nonreactive beams is plotted in Fig. 17(c) ). Along the vertical direction, the expansions measured on the two reactive and reinforced beams (B3 and B4) were close for the four depths of measurements and showed no difference between the two reinforcement ratios. The different measures can be summarized by mean strains (Fig. 17(b) ). In comparison with B1, the mean deformations of B3 and B4, after the 430 days of exposure, are always smaller: approximately 15% at 0.37 m, 25% at 0.27 m, and approximately 50% at the depths of 0.17 and 0.08 m (Fig. 17(a) and (b) ). The reductions can be explained by a local effect of the stirrups (which depends on the distance between the VWS and the reinforcement bar). Moreover, transverse cracks observed on the drying face of the reinforced beams (Fig. 18(c) and (d) ) imply a different behavior of concrete in the upper parts of B3 and B4 than in B1. They modify the ASR gel development and can cause an apparent decrease of the ASRinduced expansions. Therefore, it is not possible to summarize the vertical measurements in only one mean evolution as for the transverse ones. This can be done, however, for the reactive and reinforced Beams B3 and B4. Thus, all of the vertical data can be summarized by Fig. 17 : the deformations of B1 (Fig. 17(a) ), mean evolutions for B3 and B4 (Fig. 17(b) ), and mean evolutions for B2 and B5 (Fig. 17(c) ). 
Cracking
The two nonreactive beams did not exhibit any cracking, even on the drying face. The ASR development caused cracks in Beams B1, B3, and B4 on the immersed and on the upper faces. Before cracking, the behavior may be assumed as elastic, but after the onset of the first cracks, models have to take into consideration irreversible strains. 4 Cracking of the bottom face of B1 appeared between the 130th and 160th day of exposure with a common mapcracking (as described in Reference 12 and Fig. 18(a) ). The first cracks, however, appeared transversely. For B3, they appeared around the 90th day (Fig. 18(b) ), and for B4, between the 190th and 210th day of exposure (Fig. 18(d) ). Visual inspection of the immersed face was quite difficult due to the water tank, and it was only possible when the beams were lifted for the weighing. Thus, the cracks could not be noticed as soon as they occurred, but only at the following weighing time-step, which explained the 20 to 30 days of uncertainty.
The cracks of the two reinforced beams appear to be more longitudinal, following the reinforcement (as observed in References 12, 26, and 29). For the three reactive beams, perfectly transverse cracks were observed on the upper face after approximately 200 days. B1 only exhibited three transverse cracks at approximately 0.65 m from the ends and spaced at approximately 0.85 m. Their occurrence can be explained by the increase of nonuniform stresses due to longitudinal restrained shrinkage in the upper part. For the reinforced concrete beams, crack spacing was approximately 0.35 and 0.20 m for B3 and B4, respectively, which was close to the shear reinforcement spacing (Fig. 18(c) and (e)).
CONCLUSIONS
This experimental study confirms important results about ASR expansions measured on the stress-free companion specimens:
1. The anisotropy of ASR-induced expansions has been verified with vertical swellings twice as large as horizontal ones;
2. Significant ASR expansions (0.10%) can occur without an external water supply and lead to significant structural degradation;
3. An increase in ASR expansions with an external water supply has been quantified. Detailed results have been reported concerning plain and reinforced concrete beam specimens subjected to shrinkage and ASR for 14 months, which caused significant strains and deflections;
4. This paper provides data for the validation of ASR models [5] [6] [7] relative to the studied concrete: input data (moisture distribution and potential expansions) and validation data (strains and deflections measured on the beam specimens). It has been checked that the beam specimens fulfilled the Navier-Bernoulli assumption (cross sections remained plane during the deformation). Moreover, the longitudinal rotation of the cross sections was consistent with the deflections measured on the beams. The structural behavior of the five beams thus satisfied the strength of materials assumptions;
5. Transverse and vertical measurements of the nonreactive beams showed expected strain ranges compared with the profile of mass variations and the relative humidity measurements, which validates moisture input data for the analysis;
6. For the reactive beams, the water distribution induced large expansions from 0.17 to 0.50 m along the transverse and vertical directions, smaller expansions at the depth of Fig. 18-Cracking of reactive beams. 0.08 m, and shrinkage on the drying face. The dominant influence of water supply on ASR-induced expansion was thus confirmed and quantified on beam specimens submitted to local intense drying; and 7. The effect of reinforcement on ASR-induced strains was quantified on beams; it was highly significant along the longitudinal direction, with a large decrease of strains and deflections for the reinforced concrete beams (B3 and B4) compared with the plain beam (B1), while the local effects of stirrups were hardly significant on vertical and transverse deformations.
Once models will be validated in the framework of this wellcontrolled study, they will be used to assess the dimensional stability and the residual bearing capacity of real ASR-affected structures (for example, bridges and dams). Assuming the role of water is close for all ASR-affected concrete, the differences with this study will be mainly the reactivity of aggregate and its effects on the range of ASR expansions. For models actually studied by LCPC 5, 6 and EDF, 7 this parameter can be determined from a stress-free ASR expansion test. Thus, the structural behavior of ASR-affected structures will be determined from the review of their environmental conditions and residual expansion tests.
